In this work, the reversal of radial glow distribution induced by reversed magnetic field is reported. Based on the Boswell antenna which is symmetric and insensitive to the magnetic field direction, it seems such a phenomenon in theory appears impossible. However, according to the diagnostic of the helicon waves by magnetic probe, it is found that the direction of magnetic field significantly affects the propagation characteristic of helicon waves, i.e., the interchange of the helicon waves at the upper and the lower half of tube was caused by reversing the direction of magnetic field. It is suggested that the variation of helicon wave against the direction of magnetic field causes the reversed radial glow distribution. The appearance of the traveling wave does not only improve the discharge strength, but also determines the transition of the discharge mode.
Introduction
Helicon wave sustained discharge has received increased attention due to the high plasma production efficiency and the high plasma density (typically 10 17 -10 20 m −3 ) [1] . Theoretically, there are two kinds of wave in a plasma loaded waveguide, the helicon (H) and the Trivelpiece-Gould (TG) waves which couple each other to satisfy the boundary conditions on the plasma edge [2, 3] . Accordingly, two mechanisms are responsible for RF power absorption in helicon discharges. The first mechanism is proposed by Chen et al [4] . They thought RF power absorption took place via Landau damping of helicon waves within the core of the discharge. However, Chen himself later found too few electrons to support Landau damping of helicon waves by using a retarding field energy analyzer to measure the electron distribution accurately. The second one, proposed by Shamrai et al [4] , suggested that the absorption proceeds mainly via the short-wavelength TG waves propagating radially into the plasma from the plasma surface. The efficient power absorption in the near-antenna region is due to the mechanism of mode conversion in bounded non-uniform helicon plasmas [5] . Recently, Ganguli et al [2, 6] reported two other kinds of absorption mechanisms, i.e., one is the absorption in bulk plasma and the other is the absorption at the plasma surface. Their work agreed well with the earlier statement of Chen and his co-workers [7] [8] [9] , i.e., bulk absorption could be possibly caused by H-wave. The mechanism of surface absorption by TG waves is similar to Shamrai's work [10] that the efficient RF absorption could also occur through TG waves which are excited near the plasma boundary and absorbed quickly. However, TG waves are short in wavelength and quasi-static at high plasma density so that they are very difficult to detect [11, 12] . Therefore the issue of power coupling in helicon plasmas still remains as an open issue. There are several kinds of antennas used to launch the helicon waves. A 'right-helical' antenna, with azimuthal mode number m=+1, mainly transfers RF energy to the m=+1 helicon wave traveling along the plasma column in the positive magnetic field direction. As a result, an axially asymmetric discharge is generated. Besides, this antenna generates a much higher plasma density than that done in the 'left-helical' antenna with azimuthal mode number m=−1 [1] . As well known, Nagoya antenna or Boswell antenna, which is symmetric in geometry, is expected to excite both m=+1 and m=−1 helicon waves. But in practice only m=+1 wave prefers to be excited in both directions [1] . In fact, many researchers studied the production of plasma in helicon sources by using various types of antennas. In order to enhance the ability of antenna coupling power into the plasma, Kamenski and Borg [13] used a magnetohydrodynamic numerical code to simulate a finite-element discretization of the RF fields. It was confirmed that m=+1 was the most strongly excited mode. Guittienne et al [14] designed a birdcage type antenna generating a RF field that matched the dispersion relation of the helicon wave very well. They obtained the most efficient wave mode matching in experiments. Melazzi et al [15] have developed a numerical code, named ADAMANT, that made the solution of coupled surface and volume integral equations to calculate the antenna current ( J A ) and the electric flux density (D P ) in the plasma. They found that the antenna current density was not spatially uniform, and a correlation existed between the plasma parameters and the spatial distribution of current density. In fact, various parameters can affect the characteristics of helicon plasma, such as magnetic field, pressure and antenna structure [11, 12] . But the magnetic field direction would not affect helicon plasma characteristics if the antenna launches both m=+1 and m=−1 helicon waves [16] . For example, Sato et al [17] investigated the characteristics of the density peak phenomena in helicon plasma excited by a double half-turn antenna which can launch both m=+1 and m=−1 helicon waves in a low magnetic field, and found the appearance of low-field density peak. However, the difference of density peak between the directions of B 0 is not observed. Lafleur et al [18] also found the low-field peak in a helicon discharge generated by Boswell antenna (with both m=+1 and m=−1) even if the magnetic field was reversed. Many researches showed that the magnetic field direction does not affect helicon plasma characteristics when the antenna is with both m=+1 and m=−1. But how the magnetic field direction influence the glow distribution (from end-view of the discharge plasma) is still unknown.
In this work, we observed the reversal of radial glow distribution induced by reversing the direction of the magnetic field in helicon plasma generated by the Boswell antenna. The helicon waves are diagnosed to better understand the cause of the reversed radial distribution of glow.
Experimental setup and diagnostics
Experiments are performed in argon helicon plasma. Figure 1 (a) is the schematic of helicon plasma device. The helicon source consists of a cylindrical quartz tube (7 cm in inner diameter and 34 cm in length) surrounded by a Boswell type antenna (15.5 cm in length). The Boswell antenna shown in figure 1(b), is a modified Nagoya antenna with the top and bottom legs split into two wires. The advantage of this modification is that the antenna can be slipped around a cylindrical discharge tube without breaking the vacuum). The upper side of the tube is sealed by a dielectric plate (polytetrafluoroethylene, PTFE). Pure argon is introduced from the upside and the working pressure is maintained at p=0.35 Pa. Magnetic field coils surround the tube and produce an external magnetic field (B 0 ) whose axial distribution is shown in figure 2 . The antenna is powered by a 13.56 MHz RF supply and the RF power is maintained at 140 W.
The images of the discharge are taken by high speed ICCD camera (Princeton Instruments MAX2) to investigate the discharge mode transition. The mirror in the diffusion chamber is used to reflect the discharge images to the lens of ICCD. A B-dot probe positioned at the symmetric axis (shown by dash line in figure 3 ) of the azimuthal antenna straps at r=2 cm is used to measure the amplitude and phase of the helicon wave (as Lafleur et al did in [19] ). The RF antenna current is simultaneously measured by a Rogowski coil as a phase reference.
Results and discussion

The ICCD end views of the discharge
Figures 3(a) and (b) show the end-view ICCD images of helicon discharge at different magnetic coil currents when the direction of magnetic field is (a) downward and (b) upward, respectively. When B 0 is downward, the glow becomes stronger and the intense luminance region moves to the edge of the tube as the magnetic field increasing, as shown in figure 3(a) . The luminance reaches the strongest at coil current of I C =24 A. As I C is further increased, the luminance begins to weaken and the glow moves to the two antenna legs. The luminance becomes much weaker if I C continues to increase. On the other hand, when B 0 is reversed, i.e. in upward, the radial plasma distribution is also reversed, as shown in figure 3(b) . The dash line shown in figure 3 is the symmetric line of the azimuthal antenna straps and the four blue dots represent the position of antenna legs. It can be seen that there is an interchange between the radial glow distributions below and above the symmetric line after revering the magnetic field. From these ICCD pictures, we find that the discharge prefers to generate at the edge of the tube, which implies that the power absorption will take place through TG waves which are excited near the plasma boundary and absorbed quickly. To reveal the correlation between the reversal of the radial plasma distribution and the helicon wave, the axial profile of the amplitude and phase of helicon wave are measured by B-dot probe when the direction of B 0 is downward and upward, respectively. The B-dot probe is based on Faraday law of induction, where an oscillating magnetic field will induce a voltage V B across the ends of a wire loop. The voltage V B at time t is given by
where N is the turns' number of the loop, A is the section of the loop and B is the oscillating magnetic field. The B-dot probe normally moves along the system axis at r=2 cm. By consulting theoretical components B z , B r and B θ of the wave field, we find the magnitudes of B r and B θ components at r=2 cm are comparatively much smaller than the B z component. So, we select B z component in experiments to investigate the helicon wave characteristics because we can get more accurately experimental results. This approach has also been used previously [19] . Figure 4 shows the axial components of the amplitude and phase of the helicon wave when the B 0 direction is (a) downward and (b) upward, respectively. The dash and dash dot lines represent the position of the middle of antenna and the lower end of the discharge tube, respectively. When B 0 is in downward direction ( figure 4(a) ), the helicon wave above the middle of antenna changes from standing wave to traveling wave with the increase of magnetic coil current. Furthermore, the traveling wave turns to standing wave if the coil current is further increased. However, at the location below the middle of antenna, the helicon wave still keeps as a kind of standing wave when the magnetic field is increased. When B 0 is upward ( figure 4(b) ), the helicon wave above middle of antenna in upward magnetic field has identical characteristic as that below the middle of antenna when B 0 is downward. Or the helicon wave keeps as a kind of standing wave along with the increase of the magnetic field. Also, the helicon wave characteristic below the middle of antenna in upward B 0 is similar to that at the upper half of tube in downward B 0 . When the coil current (or the magnetic field) increases, the helicon wave changes from standing wave into traveling wave and finally back to standing wave.
Based on above results, it is clear that the reversal of magnetic field direction significantly affects the propagation of helicon wave, i.e., the interchange between the helicon waves at the upper and the lower half of the tube can be realized by reversing the direction of B 0 , which further leads to the reversal of the radial glow distribution.
Combining the end-view ICCD images and the helicon wave characteristics, it is also found that the appearance of traveling wave accompanies the strengthening of discharge, and the discharge becomes weaker when the traveling helicon wave turns back to the standing one. When the coil current value reaches to 40 A, the helicon wave is a completely standing form along the entire discharge tube, and the discharge is the weakest, as shown in figure 4 . Therefore, we suggested the mode transition of discharge is determined by the traveling helicon wave.
In order to make clear the propagation characteristic of the helicon wave, we assumed the standing wave or the traveling wave was a superposition of two waves in the system. The superposition of two waves [6] is w j w j w j
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Then, we used the phase data of traveling and standing wave at 17 cm<Z<47 cm in figure 4 (b) to match the
. Table 1 shows the optimized values of k 1 , k 2 , A and B to obtain a good fit to the experimental profile j z .
( ) We can see that, for I C =24 A, the wavenumber of the two helicon waves are 0.2051 cm −1 and 0.421 cm
, respectively, and the ratio A/B≈26. It is implied that the helicon, whose wavelength is λ 1 =2π/k 1 =30.6 cm that is near the twice of the antenna length (15.5 cm), is dominated. In this case the coupling between antenna and helicon wave is the strongest and the antenna will transfer more energy into the helicon wave, which further causes the strongest discharge at I C =24 A (see the ICCD images in figure 3 ). Consequently the helicon wave dominates and the phase shows almost a linear variation with average slope ≈0.205 cm −1 and a traveling helicon wave pattern appears. In other conditions, two kinds of helicon waves exist, but no one can be particularly dominated because of poor coupling with the antenna. As a result, standing wave appears. This is actually observed in our experiments when we increase I C .
From figure 4 , the reversal of B 0 direction can makes the traveling helicon waves to exist at different parts of the discharge tube and to propagate in the opposite direction. So, we suggested that the reversal of the radial discharge distribution should be caused by the traveling helicon waves propagating in the opposite direction. As known the m=+1 helicon wave is right hand polarized wave. If one observes at the fixed end, the helicon waves propagating at opposite direction will show in the opposite rotation. Additionally, the discharge transition shown in figure 3 is also similar to that in uniform magnetic field [20] in which the discharge is supposed to be caused by the surface non-resonance mode conversion of TG wave. Recently, Ganguli et al [2, 6] reported the mechanism of surface absorption by TG waves is similar to Samrai's work [10] that the efficient RF absorption could also occur through TG waves which are excited near the plasma boundary and absorbed quickly. Accordingly we infer that the discharge might be caused the surface non-resonance mode conversion of TG wave. When the direction of magnetic field is reversed, the helicon waves propagate in the opposite direction. The helicon wave will propagate in the plasma column and transfer energy into TG wave. As a result, the reversal of radial glow distribution appears in the reversed magnetic field. But, it is still needed to confirm the relationship between the traveling m=+1 helicon wave and the radial glow distribution by means of simulation. More investigations are needed.
Conclusion
In summary, the reversal of radial glow distribution induced by reversing magnetic field was observed experimentally. We found that the interchange between the helicon waves at the upper and the lower half of the tube was caused by reversing the direction of B 0 . We believe that the reversal of the radial discharge distribution is associated with traveling helicon wave propagation in opposite direction, which is induced by reversing magnetic field. And the traveling helicon wave excites the TG wave by surface mode conversion which concentrates the discharge at the edge of plasma. Further investigation should be performed to provide a better explanation. Table 1 . Optimized values of k 1 , k 2 , A and B to obtain a good fit to the experimental profile j z ( ). 
